





Chapter 5 Fish protein hydrolysates

Previous investigations reported that mackerel (Scomber austriasicus)
hydrolysates prepared by protease N showed strong in vitro antioxidant activity
(Chuang et al., 2000; Wu et al., 2003). Mackerel intestinal crude enzymes were
successfully used to produce peptides with antioxidant properties from Alaska
pollack (Theragra chalcogramma) frame proteins (Je et al., 2005a). Alcalase and
Flavourzyme produced hydrolysates with high antioxidant activity when used to
hydrolyse muscle of round scad (Decapterus maruadsi) and yellow stripe trevally
(Thiansilakul et al., 2007; Klompong et al., 2007)

Other studies reported antioxidant peptides from protein hydrolysates of
Alaska pollack (Kim et al., 2001), capelin (Shahidi & Amarowicz, 1996;
Amarowiz & Shahidi, 1997), tuna (Jao & Ko, 2002; Je et al., 2007), conger eel
(Ranathunga et al., 2006), herring (Sathivel et al., 2003), hoki (Je et al., 2005b),

cod (Jeon et al., 1999), carp (Li et al., 2006) and yellowfin sole (Jun et al., 2004).

5.2.2. ACE inhibitory activity

5.2.2.1. Mackerel gelatine hydrolysates

Mackerel head and skin gelatine hydrolysates obtained after digestion with

pepsin for 24 h possessed strong activity against the ACE (Figure 5.11).
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Figure 5.11 The ACE inhibitory activity of mackerel gelatine hydrolysates at
different concentrations. Different lower case letters, within the same
hydrolysates, indicate significant (p < 0.05) differences between concentrations.
Different upper case letters, indicate significant (p < 0.05) differences between
sources.

Previous studies showed that collagen and gelatine hydrolysates are
possible potential sources for peptides with ACE inhibitory activity (Fahmi et al.,
2004; Zhao et al., 2007). It was reported that ACE is strongly inhibited by
peptides containing hydrophobic amino acids at the C-terminal sequence (Je et al.,
2004). Pepsin preferentially cleaves peptide bonds between hydrophobic amino
acids. Hence, the hydrolysis of mackerel gelatine by pepsin increases the amount

of hydrophobic amino acids which can act as potent ACE inhibitors (see section

5.6).
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5.2.2.2. Mackerel viscera hydrolysates

Figure 5.12 shows the ACE inhibitory of mackerel viscera hydrolysates at
various concentrations. Mackerel viscera hydrolysed with endogenous enzymes
showed significantly (p < 0.05) highest ACE inhibitory activity at the highest
concentration (1 mg/mL). No significant differences (p > 0.05) were observed
between the ACE inhibitory activity, at the same protein concentration, of the

hydrolysates from Flavourzyme, trypsin and chymotrypsin.

B 0.1 mg/mL E3 0.5mg/mL B33 1 mg/mL

100+
B A A A

)

% ACE inhibition

Autolysis Flavourzyme Trypsin Chymotrypsin

Figure 5.12 The ACE inhibitory activity of mackerel viscera hydrolysates at
different concentrations. Different lower case letters, within the same enzyme,
indicate significant (p < 0.05) differences between concentrations. Different upper
case letters, indicate significant (p < 0.05) differences between enzymes.

The digestive tract in most fish species contains several proteolytic
enzymes (Kolkovski, 2001), mainly pepsin and trypsin (Kishimura et al., 2007;
Pavlisko et al., 1997a: Pavlisko et al., 1997b; Bezerra et al., 2000). Pepsin, as
previously discussed, liberates hydrophobic amino acids that act as potent ACE

inhibitors. Trypsin cleaves arginine and lysine. It was reported that the positive
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charge in guanidine group of Arg plays a major role in inhibiting ACE (Meisel,
1998). Hence, the higher inhibition of ACE activity, observed with hydrolysates
obtained from the autolysis, can be due to the combined effect of several digestive

enzymes.

5.2.3. Semicarbazide-sensitive amine oxidase SSAO inhibitory activity

The SSAO inhibitory activity of hydrolysates from mackerel gelatines and
viscera were assessed. Table 5.1 shows the inhibition of SSAO by different
hydrolysates. Mackerel head and skin gelatine hydrolysates, obtained from pepsin
after 24 h, showed about 16 % inhibition of SSAO when present in the incubation
mixture at 0 min. When added to the assay mixture 2 h before adding
benzylamine (substrate) the inhibition was more substantial (~ 50 %). Mackerel
head and skin gelatines hydrolysates obtained after hydrolysis for 24 h with
trypsin and chymotrypsin did not show any inhibition of SSAO, possibly due to
the limited hydrolysis of gelatine by these enzymes. Mackerel viscera
hydrolysates, obtained from autolysis and hydrolysis by Flavourzyme at 24 h,
showed about 20 % inhibition of SSAO at time 0. When these hydrolysates were
incubated with the enzyme before adding the substrate (benzylamine) the
inhibition was stronger (52 % and 46 %, respectively). Mackerel viscera
hydrolysates generated from hydrolysis by trypsin and chymotrypsin at 24 h,
showed a similar trend in the inhibition of SSAO as for hydrolysates obtained
from autolysis and hydrolysis by Flavourzyme. However, their inhibition of
SSAO was about half of that observed with autolysis and Flavourzyme
hydrolysates. No effect on SSAO activity was detected for hydrolysates obtained

from pepsin and Alcalase.
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Table 5.1 The SSAO inhibitory activities (%) of fish protein hydrolysates.

Skin gelatines Head gelatines Viscera

t=0 t=2h t=0 t=2h t=0 t=2h
Pepsin 15+1.6™ 51.3+2.2"° 17+0.9°* 49.8+1.9°° 10.0+0.7%* 9.5x1.2*
Trypsin 8.2+41.0°  8.4+1.1* 9.0+2.4* 83+14* 8.4+35 235+8.1°°
Chymotrypsin ~ 85+0.8** 8.8+1.1* 10.7+0.9** 11.0+0.6* 8.9+1.8** 23.5+8.1°®
Endogenous - - - - 18.8+3.2°* 52.2+1.9°®
Flavourzyme - - - - 20.8+4.5" 45.8+3.1°®
Alcalase - - - - 6.3£0.6**  10.0+0.7*

Values given as mean + standard deviation. Different lower case letters in the same column indicate significant (p < 0.05) differences
between enzymes. Different upper case letters in the same row, within the same raw material, indicate significant differences (p <
0.05) between the incubation times.
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Hydrolysates from mackerel head and skin gelatines obtained after
hydrolysis with pepsin for 24 h and hydrolysates from mackerel viscera obtained
after hydrolysis with endogenous enzymes, Flavourzyme, trypsin and
chymotrypsin for 24 h were found to exhibit time-dependent SSAO inhibitory
activities. This result may be due to the presence of L-lysine, which is known to
be an inhibitor of SSAO in a time and dose-dependent manner (Olivieri et al.,
2007).

The results showed that mackerel hydrolysates (either from gelatines or
viscera) may act as anti-inflammatory compounds by inhibiting the SSAQO. It is
known that the SSAO converts primary amines into the corresponding aldehydes,
generating hydrogen peroxide and ammonia. It was found that the endogenous
compounds amino-acetone and methylamine are good substrates for most SSAO
enzymes (Lyles & Chalmers, 1992). SSAO plays a key role in inflammation
through its catalytic products, hydrogen peroxide, and reactive aldehydes.
Therefore, the inhibition of SSAO activity might represent a therapeutic strategy

for controlling inflammation (Lin et al., 2008).

5.2.4. Platelet aggregation inhibitory activity

The platelet aggregation inhibitory activity was estimated by the ADP
secretion assay. Samples were analysed at 3 different concentrations (0.6 pg/mL,
6 pg/mL & 60 pg/mL). Figure 5.13 shows the amount of ADP released
(normalised) from platelets in the presence of mackerel head and skin gelatine
hydrolysates obtained after hydrolysis with pepsin for 24 h. No significant

differences (p > 0.05) were observed between the head and skin hydrolysates at
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0.6 and 6 pg/mL, respectively. However, mackerel skin gelatine hydrolysates
showed higher activities at 60 pg/mL. These activities were similar to that of the

control inhibitors, acetyl salicylic acid and indomethacine (Figure 5.13).
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Figure 5.13 The platelet aggregation inhibitory activity of mackerel gelatine
hydrolysates. Ctr: control (water), H: mackerel head gelatine hydrolysates, S:
mackerel skin gelatine hydrolysates and TRAP: Thrombin receptor activating
peptide. ASA (Aspirin) and Indo (Indomethacine) were used as positive controls
(inhibitors). Different letters indicate significant (p < 0.05) differences.

Mackerel viscera hydrolysates did not show any activity when screened
for inhibition of platelet aggregation (Appendix 1). The inhibition of platelet
aggregation by peptides has been related to the presence of tri-peptide Arg-Gly-
Asp (also called RGD) which blocks the binding of fibrinogen to the activated
platelets receptors (Sheu et al., 1992). So far, some peptides have been identified
as inhibitor for platelet aggregation. Arg-Gly-Asp sequences were previously
observed in chymotryptic fragmentation of trigramin, a single chain cysteine-rich
peptide (Huang et al., 1987), in halysin, a cysteine-rich peptide (Huang et al.,
1991) as well as in triflavin, an Arg-Gly-Asp-containing, snake venom peptide

(Sheu et al., 1992).
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The inhibition of platelet aggregation of mackerel skin gelatine
hydrolysates obtained after digestion with pepsin for 24 h, suggest that this

hydrolysate may contain repetitive RGD sequences.

5.2.5. Effect of FPH on microbial growth

5.2.5.1. Effect on probiotic strains

Prebiotics are usually non digestible food ingredients that stimulate the
microbial growth (Lee et al., 2002). Fish protein hydrolysates are usually highly
digestible (Folador et al., 2006). Moreover, fish protein hydrolysates are
favourable substrates for bacterial growth (Dufosse et al., 1997) due to the higher
nitrogen content. Hence, fish protein hydrolysates can not considered as prebiotic.

In order to study the effect of fish protein hydrolysates on the growth of
lactic acid bacteria and bifidobacteria, these strains were supplemented with the
hydrolysates and the growth was monitored. Table 5.2 shows the enhanced
growth when probiotic strains were supplemented with 100 pg of fish protein

hydrolysates for 24 h compared to control (water) and reported as Log;o (cfu/mL).
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Table 5.2 The enhanced growth when probiotic strains were supplemented with
100 pg of fish protein hydrolysates for 24 h compared to control (water).

L. plantarum B. breve
Sample Enzyme

Logio (cfu/mL)  Logio (cfu/mL)
Skin gelatines  Pepsin 4.89+0.02° 2.88+0.05°
Head gelatines Pepsin 1.92+0.02° 1.1620.02°
Viscera Endogenous ~ 4.04+0.02° 0.26+0.07"
Viscera Flavourzyme -0.01+0.03 -0.25+0.03%
Viscera Trypsin 2.02+0.01° 0.91+0.07°
Viscera Chymotrypsin  4.69+0.04° 1.07+0.03°

Values given as mean + standard deviation. Different letters in the same column
indicate significant (p < 0.05) differences.

In general, higher growth of lactic acid bacteria, based on cfu/mL
compared to control (water), than bifidobacteria was observed for all hydrolysates
tested. For both bacteria, hydrolysates from mackerel skin gelatines stimulated
higher growth than mackerel head gelatine hydrolysates. For mackerel viscera,
hydrolysates obtained after hydrolysis with endogenous enzymes and
chymotrypsin resulted in higher microbial growth. Both lactic acid bacteria and
bifidobacteria did not grow compared to the control when supplemented with
hydrolysates prepared with Flavourzyme. These hydrolysates may have an

antibacterial activity, which may inhibit the growth of the probiotic strains.
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5.2.5.2. Antimicrobial activity

No fish hydrolysats had antimicrobial activity against Gram negative
bacteria (Pseudomonas aeruginosa and Escherichia coli). When tested against
Gram positive bacteria, hydrolysates obtained from mackerel viscera after
hydrolysis with Flavourzyme, slightly inhibited Staphylococcus aureus (Figure
5.14A); Lactobacillus plantarum and Bifidobacterium breve were also inhibited
by these hydrolysates. It is known that Gram negative bacteria are more resistant
to antibacterial compounds (such as lysozyme and penicillin) than Gram positive
bacteria due to the difference in the structure of their cell wall (Lehner et al.,

2005).
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Figure 5.14 Zone of inhibition obtained in anti-bacterial disc diffusion assay.
Discs 1, 3 & 5 were soaked in hydrolysates from mackerel viscera digested by
Flavourzyme for 24 h and discs 2, 4 & 6 were soaked in sterile water (control). A
& B assay against S. aureus, C & D assay against E. coli and D & F assay against
P. aeruginosa.
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5.3. Fractionation of bioactive FPH

To identify the compounds that are responsible for the different
bioactivities, samples were fractionated using a preparative HPLC. The
bioactivity level of fish protein hydrolysates are summarised in Table 5.3.

Mackerel skin gelatine hydrolysates showed higher bioactive properties
than mackerel head gelatine hydrolysates. For mackerel viscera hydrolysates,
endogenous enzymes generated hydrolysates with higher bioactive properties
followed by hydrolysates from Flavourzyme. Due to the difficulty of controlling
the autolysis, as a result of the non-specificity of the endogenous enzymes and the
variability according to the season, sex, habitat and diet (Liaset et al., 2000),

Flavourzyme hydrolysates were preferred.
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Table 5.3 Bioactivity level of fish protein hydrolysates.

Bioactive assays
Antioxidant Bacterial growth Inhibition of
Sample Enzyme
Gram
Platelet .
DPPH | FRAP | L.plantarum | B. breve . ACE | SSAO | positive
aggregation b .
acteria
Head gelatines Pepsin et ++ ++ ++ +H+ ++ 4 -
Skin gelatines Pepsin +++ ++ e bt . ++ - -
Viscera Endogenous ++ ++ -+ + + FIITIFI -
Viscera Flavourzyme ++ ++ - - + it -+ "
Viscera Trypsin ++ ++ ++ ++ + + + .
Viscera Chymotrypsin ++ o ++t ++ + + + -

Very low activity (-), low activity (+), average activity (++) and high activity (+++) and very high activity (++++).
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Therefore, mackerel skin gelatine hydrolysates obtained from pepsin and
mackerel viscera hydrolysates produced by Flavourzyme were selected for
fractionation based on their bioactivity level (Table 5.3).

HPLC chromatograms of peptides, from these two hydrolysates, separated
by reversed-phase HPLC column (ODS-2 Cig) are depicted in Figure 5.15. The
majority of compounds (i.e., small peptides or amino acids) were eluted between
4 and 30 min for mackerel skin gelatine hydrolysates (Figure 5.15A) and between
2 and 18 min for mackerel viscera hydrolysates (Figure 5.15B).

The separation of peptides on ODS-2 Cig column was based on their
polarity with no effect of their molecular mass. The peptides appearing in the
beginning of the chromatogram were more hydrophilic than those separated
afterwards (Wanasundara et al., 2002). Factors affecting the polarity of peptides
include the amino acid composition and ionisation state of the peptides (Lemieux

& Amiot, 1989).
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Figure 5.15 RP (Cy;3) HPLC chromatograms of mackerel hydrolysates. (A)
mackerel skin gelatine hydrolysates digested by pepsin for 24 h and (B) mackerel
viscera hydrolysates digested by Flavourzyme for 24 h.
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gelatine and viscera hydrolysates.

Figure 5.16 shows the preparative HPLC chromatograms of mackerel skin
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RT [min]

Figure 5.16 RP (Cis) preparative HPLC chromatograms of mackerel
hydrolysates. (A) mackerel skin gelatine hydrolysates digested by pepsin for 24
hours and (B) mackerel viscera hydrolysates digested by Flavourzyme for 24

hours.
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Peaks that appeared at 13 and 18 min (Figure 5.15B) were not in the
preparative HPLC chromatograms of mackerel viscera hydrolysates (Figure
5.16B). This could be due to the filtration through the 3 kDa cut-off filter. These
two peaks correspond to peptides that are less polar and have higher molecular
size than the rest of peptides since they were eluted at the end of the analysis.

The fractions were collected in the basis of time (30 seconds). The

presence of eluted peptides and their concentrations were determined by the OPA

method (Figure 5.17).
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Figure 5.17 Peptide content of mackerel skin gelatines (A) and viscera (B)

fractionated hydrolysates.

205




Chapter 5 Fish protein hydrolysates

For mackerel skin gelatine hydrolysates, the preparative chromatography
eluted 60 fractions with different peptide contents (Figure 5.17A). Two major
peaks with high peptide contents (~ 1.5 and 2.5 mg/mL, respectively) were
observed in the first 10 fractions. The first 10 - 12 fractions separated from
mackerel viscera hydrolysates (Figure 5.17B) had high peptide contents with
fractions number 3, 4 and 5 having significantly (p < 0.05) the highest amounts.
For both mackerel skin gelatines and viscera hydrolysates, very low peptide

contents were observed for samples eluted after fraction number 15.

5.4. Screening for bioactivity of fractionated FPH

5.4.1. Mackerel skin gelatine hydrolysates

Ten fractions (denoted 1 - 10) obtained from mackerel skin gelatine
hydrolysates were analysed for bioactivities against several assays (Table 5.4).
The DPPH scavenging activities of all fractions showed no significant (p > 0.05)
differences. However, significantly (p < 0.05) higher reducing power (0.11 mM
Trolox equivalent) was observed for fraction number 4 with the FRAP assay
compared to the rest of fractions. The antioxidant activity observed for the crude
sample (non-fractionated skin gelatine hydrolysates lower than 3000 Da) was

mainly due to fraction number 4.
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Table 5.4 Fractionation of mackerel skin gelatine hydrolysates and screening for bioactivities of corresponding fractions.

Applied eluents

non

A (%) 948 932 916 90 884 868 852 836 82 80.4 _

fractionated
B (%) 5.2 6.8 8.4 10 11.6 132 148 16.4 18 19.6

hydrolysates
Fractions 1 2 3 4 5 6 7 8 9 10
DPPH (%) 57.7° 60.2° 57.8% 62.7° 60.2° 588 584% 583% 547° 52.6° 74.6°
FARP (mM Trolox) 0.07* 0.07° 0.07*° 011° 0.07° 0.06* 0.06* 0.06¢4 0.06*° 0.06% 0.12°
ACE (%) 48.4° 245" 186° 756° 34.2° 81° 209° 47.7° 581° 24.6° 78.1¢
SSAO (%) 46.0° 324° 320° 175° 30.7° 196° 95 216" 258" 25.0° 49.3°

A: Water & B: Acetonitrile. Both eluents (A & B) contained 0.1 % TFA. Different letters in the same row indicate significant (p <

0.05) differences.
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The evaluation of the antihypertensive properties showed that fractions
number 1, 4, 8 and 9 had higher ACE inhibitory activities compared to the rest of
fractions. Fraction number 4 was significantly (p < 0.05) very potent against ACE
(75.6 %) and showed inhibition activity slightly lower than that observed for the
non fractionated hydrolysates (78.1 %). The screening for anti-inflammatory
activities found that three adjacent fractions (1, 2, and 3) had significantly (p <
0.05) higher SSAQ inhibitory activity. It was also observed that fractions 2 and 3
exhibited similar efficacy on inhibiting the SSAO (~ 32 %) and the SSAO
inhibitory activity of fraction number 1 was very close to that of the non
fractionated hydrolysates.

The platelet aggregation inhibitory activities of various fractions from

mackerel skin gelatine hydrolysates are presented in Figure 5.18.

@ 0 .M TRAP +HMTRAR
150+

125+
100+
751
50

254

Luminescence (% of control)

N
w
N
ol
oLt
~
[ee]
[{e]

Ctr 1

10 NF Asp Indo

Fractions

Figure 5.18 The platelet aggregation inhibitory activity of fractionated mackerel
skin gelatine hydrolysates. Ctr: control (water), NF: non fractionated hydrolysates
(< 3000 Da), TRAP: Thrombin receptor activating peptide. Aspirin (ASA) and
Indomethacine (Indo) were used as positive controls (inhibitors). Different letters
indicate significant (p < 0.05) differences.

208



Chapter 5 Fish protein hydrolysates

It was observed that fractions 1, 5 and 8 were the most active against the
platelet aggregation with activities close to that of the commercial inhibitors but

lower than the non fractionated mackerel skin gelatine hydrolysates (< 3000 Da).

5.4.2. Mackerel viscera hydrolysates

Table 5.5 shows the antioxidant, antihypertensive and anti-inflammatory
activities of 15 fractions (denoted 1 - 15) obtained from mackerel viscera
hydrolysates.

Two adjacent fractions (3 and 4) showed higher DPPH scavenging
activities (74.5 % and 69.3 %, respectively) compared to the rest of fractions. The
radical scavenging activity of fraction number 3 was very similar to that observed
for the non fractionated hydrolysates (78.3 %) When analysed against the FRAP
assay, no significant (p > 0.05) differences were observed among all 15 fractions.
The ACE inhibitory activity of mackerel viscera hydrolysates was mainly due to
the presence of fractions 2 and 3. These two fractions showed the highest ACE
inhibitory activities (59.6 % and 69.7 %, respectively) which were slightly lower
than the ACE inhibitory effect of the non fractionated hydrolysates (74.5 %).
Fractions 7 and 11 showed highest SSAO inhibitory activities. The SSAO
inhibitory activity of fraction 7 was close to that of the non fractionated

hydrolysates (41.6 % and 49.3 %, respectively).
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Table 5.5 Fractionation of mackerel viscera hydrolysates and screening for the bioactivities of corresponding fractions.

Applied eluents

non

A (%) 948 932 916 90 884 868 852 836 82 804 948 932 916 90 88.4 fractionated
B (%) 52 6.8 84 10 116 132 148 164 18 196 212 228 244 26 27.6 hydrolysates
Fractions 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

DPPH (%) 52.4% 57.8% 745° 69.3° 63.6° 49.7° 52.2° 53.4% 550° 55.7%° 56.5° 60.3° 61.5° 58.3%° 58.5° 78.3°
FARP (mM Trolox)  0.06° 0.07% 0.09* 0.08% 0.08% 0.07° 0.08° 0.08 0.08% 0.07*® 0.07* 0.06° 0.06° 0.06° 0.06 0.09°
ACE (%) 20.8° 59.6° 69.77 43.6" 38.0% 16.1° 23.2° 17.1° 265° 9.3° 30.7° 14.6° 255° 33.0° 20.8° 745"
SSAO (%) 11.0° 14.2* 248" 196° 11.8* 251° 416° 21.3° 276" 253° 31.6° 256" 24.0° 255° 204"  49.3°

A: Water & B: Acetonitrile.

0.05) differences.

Both eluents (A & B) contained 0.1 % TFA. Different letters in the same row indicate significant (p <
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5.5. Selection of fractions with highest bioactivity

The bioactivity levels of different fractions from mackerel skin gelatine
and viscera hydrolysates are shown in Table 5.6. Two fractions from each sample
were selected based on their activities to determine the amino acid sequence
possibly responsible for their bioactivity.

Fractions number 1 & 4 from mackerel skin gelatine hydrolysates and
fractions number 3 & 7 from mackerel viscera hydrolysates were the most

bioactive ones. Hence, these fractions were chosen for sequence analysis.
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Table 5.6 Bioactivity level of different fractions from mackerel skin gelatine and viscera hydrolysates.

Fractions

Assays 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SSAO ++++ ++ ++ + +++ + - + + +
® ACE ++ + + ++++ ++ - + ++ ++ +
% FRAP + + + +++ + + + + + +
g DPPH + + + + + + + + + +
@ Anti-platelet

) +++ + - + ++ - - +++ - -

aggregation

SSAO + + ++ + + + ++++ + + + ++ ++ + + +
© ACE + ++ +++ ++ + - + + + - + - + + +
-§ FRAP + + ++ ++ ++ + ++ ++ ++ + + + + + +

DPPH + + ++++ ++ ++ + + + + + + + + + +

Very low activity (-), low activity (+), average activity (++), high activity (+++) and very high activity (++++).
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A second injection into the analytical HPLC was performed (Figure 5.19)
to determine the purity of these fractions. The chromatograms showed that all the
fractions contain pure peptides, except fraction number 3 from mackerel viscera

hydrolysates (Figure 5.19C).
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Figure 5.19 RP-HPLC Cig chromatograms of fractions from the bioactive
hydrolysates. (A) Fraction number 1 from mackerel skin gelatine hydrolysates,
(B) Fraction number 4 from mackerel skin gelatine hydrolysates, (C) Fraction
number 3 from mackerel viscera hydrolysates and (D) Fraction number 7 from
mackerel viscera hydrolysates.
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The ICs for the SSAO inhibitory activity of different bioactive fractions

are presented in Figure 5.20.
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Figure 5.20 ICsy values for the SSAO inhibitory activity of the bioactive
fractions. (A) Fraction number 1 from mackerel skin gelatine hydrolysates, (B)
Fraction number 3 from mackerel viscera hydrolysates and (C) Fraction number 7
from mackerel viscera hydrolysates.

Fraction number 3 from mackerel viscera hydrolysates had the highest
ICs value (2.15 mg/mL), followed by fraction number 1 from mackerel skin
gelatine hydrolysates with an 1Csy value of 0.41 mg/mL. Fraction number 7 from
mackerel viscera hydrolysates exhibited the lowest 1Cso value (0.13 mg/mL). The

ICso value (2.15 mg/mL) of fraction number 3 from mackerel viscera hydrolysates

214



Chapter 5 Fish protein hydrolysates

was half of that reported by Oliveiri et al. (2010) for soluble elastin (4.6 mg/mL)
suggesting better inhibition. The lower 1Cs, value, observed with fraction number
7, indicates a higher inhibitory potency against SSAQO. The inhibition of SSAO
prevents the production of toxic aldehydes and reduces the development of
inflammatory diseases (Jeon & Sayre, 2003).

The 1Cs for the ACE inhibitory activity of different bioactive fractions

are shown in Figure 5.21.
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Figure 5.21 1Cs values for the ACE inhibitory activity of the bioactive fractions.
(A) Fraction number 1 from mackerel skin gelatine hydrolysates, (B) Fraction
number 4 from mackerel skin gelatine hydrolysates and (C) Fraction number 3
from mackerel viscera hydrolysates.
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Fraction number 4 from mackerel skin gelatine hydrolysates and fraction
number 3 from mackerel viscera hydrolysates showed similar I1Csy against the
ACE (~ 0.055 mg/mL). These 1Cs, values were 16 times lower than the 1Cs value
(0.81 mg/mL) for ACE inhibitory activities of peptides from sardinelle by-
products protein hydrolysates (Bougatef et al., 2008) and 4 times lower than the
ICs0 (0.2 mg/mL) for amaranth trypsin-digested glutelins (De La Rosa et al.,
2010). Fraction number 1 from mackerel skin gelatine hydrolysates had a lower
ICs (0.03 mg/mL) than fraction number 4. The calculated 1Csp was very similar
to that observed with hard clam meat hydrolysates (0.036 mg/mL) as reported by
Tsai et al. (2008). The lower ICso value obtained with fraction number 1 suggests
a better antihypertensive property. The inhibition of ACE lowers the blood
pressure and reduces the risk of cardiovascular and renal diseases (Odama &

Bakris, 2000) (Chapter 1, section 1.2.2.3).

5.6. Peptide sequence analysis

The fragmentation of the peptide present in fraction number 1 from
mackerel skin gelatine hydrolysates exhibited a signal at m/z 387, which was the
molecular ion [M+H]" of Cys-His-Lys (C-H-K). The product ion spectrum of this
ion is shown in Figure 5.22A. The m/z 147 was due to y; C-terminus sequence
ion. From the screening studies, it was observed that this peptide inhibits the
SSAO activity and suppresses the platelet activation.

The presence of lysine, in this tripeptide, could be responsible for the
inhibition of SSAO. Olivieri et al. (2010) studied the kinetics of inhibition of

SSAO in presence of L-lysine and they suggested an uncompetitive inhibition,
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where the L-lysine binds only to the complex formed between the enzyme and the
substrate or to an intermediate product.

The amino acid sequence (C-H-K) was previously identified in human,
monkey, bovine and mouse genomes as a tripeptide motif of serine protease
(EMBL/GenBank/DDBJ databases). Thrombin, a serine protease, is a potent
agonist that activates the platelet. Thrombin cleaves the extracellular N-terminus
of protease-activated receptors (PARS) exposing a new amino terminus capable of
forming a ligand (Boysen et al., 2002). Since this peptide (C-H-K) is a sequence
motif of serine protease, it might have competed with thrombin and formed a
bond with the PARs of the platelets inhibiting them from being activated.

The peptide present in fraction number 4 from mackerel skin gelatine
hydrolysates showed a molecular ion [M+H]" at m/z 615 (Figure 5.22B). Several
ions were identified in the spectrum as product ions. The ions at m/z 175, 193 and
307 were due to yi, y2 and ys; C-terminus sequence ions, respectively. The ions at
m/z 212, 309 and 423 were due to by, b; and by N-terminus sequence ions,
respectively. The peptide in this fraction was assigned as Pro-Asn-Pro-Asn-Ala-
Cys (P-N-P-N-A-C).

The ACE inhibitory activity of peptides was linked to the presence of
hydrophobic amino acids at the C-terminal end (Miyoshi et al., 1991; Yokoyama
et al., 1993) and Pro-Asn-Pro-Asn-Ala-Cys was also composed of hydrophobic
amino acid (Cys) at the C-terminal end which might be responsible for inhibiting

ACE.
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Figure 5.22 MS/MS spectra of the molecular ions present in mackerel skin
gelatine fractions. (A) m/z = 387 present in fraction number 1 and (B) m/z = 615
present in fraction number 4.

No useful MS data could be obtained by the analysis of fractions number 3

and 7 from mackerel viscera hydrolysates digested with Flavourzyme. Hence, the

sequence determination of this fraction was not attempted.
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5.7. Screening for bioactivity of blue whiting gelatine hydrolysates

The hydrolysis of gelatines from mackerel heads and skins with pepsin for
24 h produced hydrolysates with several bioactive properties. Gelatines extracted
from blue whiting heads and skins were also hydrolysed under the same
conditions to obtain possible bioactive peptides. Hydrolysates from blue whiting
heads and skin were screened for their radical scavenging capacity using DPPH

and results are presented in Figure 5.23.
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Figure 5.23 The DPPH scavenging activity of blue whiting gelatine hydrolysates
prepared from heads and skins at different hydrolysis times. Gelatine hydrolysates
from: (i) blue whiting heads and (ii) blue whiting skins. Different lower case
letters indicate significant (p < 0.05) differences between hydrolysis times.
Different upper case letters indicate significant (p < 0.05) differences between
sources.

The screening for the antioxidant activity found that, unlike mackerel

gelatine hydrolysates, those obtained from blue whiting did not have any relevant

radical scavenging properties.
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5.8. Conclusions

Enzymatic hydrolysis represents an effective way for upgrading fish waste
and low value fish by-products to highly nutritious functional ingredients. The
enzymatic hydrolysis of mackerel waste resulted in hydrolysates with potent
bioactive properties. Pepsin and Flavourzyme (proteases from Aspegillus oryzae)
were the most efficient enzymes for digesting gelatine and mackerel viscera,
respectively.

The prepared hydrolysates had high antioxidant, anti-inflammatory and
antihypertensive activity and could have potential application in the food and
pharmaceutical industries.

The peptides obtained from mackerel skin gelatine after hydrolysis with
pepsin inhibited the platelet aggregation and as consequence may serve as natural
antithrombotic compounds.

The anti-inflammatory and the antithrombotic activities of mackerel skin
gelatine hydrolysates were due to the presence of a tripeptide (Cys-His-Lys) with
a molecular weight of 387 Da. The antihypertensive and antioxidant activities
were possibly due to a peptide assigned as Pro-Asn-Pro-Asn-Ala-Cys with a

molecular weight of 615 Da.
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6.1. Extraction and characterisation

6.1.1. Yield of extraction

The vyields of extracted oils using various procedures are presented in
Figure 6.1 and Figure 6.2. The amount of extracted oil varied significantly (p <
0.05) depending on the method used for the extraction. For the same extraction
process, no differences between yields from heads and skins were observed.
However, regardless of the source (heads or skins) the solvent extraction showed
the highest recovery vyields while the alkaline pre-treatment resulted in lowest

yields.

Physical Enzymatic Alkaline Alkaline + enzymatic

Figure 6.1 Mackerel oils extracted with different procedures.
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All samples extracted with hexane had significantly (p < 0.05) the highest
yield (> 90 %). Hexane was used by Aryee et al. (2009) to extract oils from
salmon skins with high recovery yields (~ 60 %). The enzymatic hydrolysis
yielded 54.7 % of oil from mackerel heads and 56.5 % of oil from mackerel skins.
Slightly lower yields were obtained when applying the method based on heat

treatment with a yield of 45.9 % and 40.5 % for mackerel heads and skins,

respectively.
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Figure 6.2 Extraction yields of mackerel head (i) and skin (ii) oils as affected by
the extraction procedure. Different lower case letters indicate significant (p <
0.05) differences between treatments. Different upper case letters indicate
significant (p < 0.05) differences between sources.
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Oils extracted after centrifugation of the alkaline solution had very low
yields, 9.7 % and 11.2 % for heads and skins, respectively. Sardine oils were
collected from surimi waste-water by centrifugation yielding 34 % of oils
(Toyoshima et al., 2004). Higher yields were obtained from alkaline solution
when a hydrolysis step was introduced. The yield increased about 6 fold and
resulted in higher oil recovery (> 65 %) than those obtained with the other
extraction methods (heat-treated or hydrolysed samples).

Several factors, including the time, the temperature and the solvent nature,
affect the extraction yield (De Boer, 1988). In this study, the low yields obtained
after the centrifugation of alkaline waste-water could be due to either insufficient
contact between the sodium hydroxide and the matrix or the inability of the
sodium hydroxide to break the cell membrane and release oils.

Turon et al. (2005) evaluated the extraction of oil from Tilapia heads using
heat treatment and the yield was around 18 %. The enzymatic hydrolysis of
salmon heads recovered 17.4 % of oils (Linder et al., 2005). These reported yields
for heat and enzymatic treatments are in agreement to those obtained from this

study.

6.1.2. Physicochemical and colour analysis of mackerel oils

Results for colour and the quality measurements of oils extracted from

mackerel heads and skins using several procedures are presented in Table 6.1.
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Table 6.1 Colour and quality parameters of oils from mackerel.

Colour parameters Quality parameters
Source  Procedure L* ax b* Acid - Peroxide lodine
value value value
Alkaline 43.8° 3.6° 13.0° 1.9% 8.6 125.9°
+15 +0.1 +0.9 | +05 +0.2 +1.4
Alkaline + | 51.9¢ 4.6° 27.5° 2.8 16.7° 111.4%
enzymatic +3.8 1.1 2.0 +0.6 +0.3 5.9
. 55.8  -02° 266° | 2.7° 10.6° 134.6°
Heads ENzymatic | oo 100 417 | +0.4 =04 +5.2
Physical 26.7° -1.7° 5.8 2.7° 12.7° 107.9%
+1.2 +0.1 +0.4 | 0.2 +0.1 +7.9
Solvent 48.2° 3.8 25.1¢ 2.1° 10.9° 127.3°
+1.3 +0.4 +17 | 102 +1.3 +5.8
Alkaline 41.7° 5.5 12.4° 2.1° 10.8° 130.0°
+0.8 +0.6 +13 | +0.4 +0.8 +8.1
Alkaline+ | 26.9%  -15° 5.4° 2.5 14.1° 104.0°
enzymatic +1.5 0.1 +1.0 +0.2 +0.4 +11.4
Skins  Enzymatic 39.8° -11° 195° | 2.3 11.2¢ 112.8°
+0.7 +0.1 +12 | +0.8 +0.5 +6.4
Physical 28.8° 3.8° 0.6 2.2¢ 12.9° 118.2%
+1.1 +0.6 +0.2 | +0.4 +1.6 +8.9
Solvent 38.0° -0.8°  14.9° | 2.0° 9.7% 114.43
+0.6 +0.1 +0.9 | 0.2 +1.2 +3.3

Values given as mean + standard deviation. Different letters in the same column
indicate significant (p < 0.05) differences between treatments. Acid value was
expressed as mg KOH/g; Peroxide value was expressed as meq O,/kg and lodine
value was expressed as g 1,/100g.

The acid value has been widely used as a quality parameter for classifying
oils (Baccouri et al., 2007). The acid value of mackerel head and skin crude oils
obtained with the different methods was relatively low (1.9 - 2.8 mg KOH/g). The
acid values of all extracted oils were lower than the limit of 4.0 mg KOH/g for
crude oils (Codex Alimentarius Commission, 2005). Slightly higher acid values
were observed with the heat treated samples. The heat treated samples (either
through the heating process or microwave inactivation) showed a relatively higher

acid value than solvent or alkaline extracted oils. Usually oils extracted at low

224



Chapter 6 Fish oils

temperatures have low acid values since the hydrolysis of triglyceride ester bonds
is reduced compared to high temperature extraction processes (Chantachum et al.,
2000). The extracted oils can not be used for human consumption without being
refined to reach an acid value below 0.6 mg KOH/g (Codex Alimentarius
Commission, 2005).

The peroxide value (PV), a measurement of the hydroperoxide content, is
used to assay lipid and fat oxidation (Yildiz et al., 2003; Baccouri et al., 2007).
Oils can be classified depending on their oxidation stages as indicated by the PV.
It was reported that oils with PV raging from (3 - 5), (10 - 12) and (16 - 18) are
considered low, moderate and highly oxidised oils, respectively (Warner et al.,
1989). The peroxide values of mackerel oils (PV = 8.6 - 14.1 meq O./kg) were in
the acceptable range for crude oils (lower than 15 meq O,/kg) according to the
Codex Alimentarius (Codex Alimentarius Commission, 2005). Higher PV was
observed with oil obtained from heads after the combined alkaline and enzymatic
extraction (PV = 16.7 meq O/kg).

When comparing the extraction procedures, high peroxide values were
observed for heat treated samples, but more substantially for all mackerel head
extracted samples. It is known that heat processing causes the denaturation of
proteins. Myoglobin, an iron containing protein in the blood, was mainly present
in mackerel heads and the heat treatment might have liberated the iron, a catalyst
for lipid oxidation (Decker & Welch, 1990).

Mackerel head oils extracted after the heat treatment and the combined
alkaline and enzymatic process, as well as mackerel skin oils extracted after the

alkaline treatment, the combined alkaline and enzymatic process and the
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enzymatic hydrolysis can not be classified as edible oils without further refining.
The peroxide value for edible oils must be lower than 10 meq O./kg (Codex
Alimentarius Commission, 2005).

Mackerel oils had high iodine values due to the high number of
unsaturated fats. The decline in iodine value gave an indication of the oxidation of
oils (Naz et al., 2004). Oils extracted from mackerel heads and skins using heat
treatment and the combined alkaline and enzymatic hydrolysis were the most
oxidised oil as observed by the low iodine values (Table 6.1). From the results of
peroxide determination, it was observed that these oils were highly oxidised. The
alkaline treatment along with the effect of the enzymatic hydrolysis and the
elevated temperatures resulted in breaking cell membranes, denaturating proteins
and releasing oils. The liberated oils reacted with free ferrous ions, strong
oxidation catalysts (Beltran De Heradia et al., 2001), leading to higher oxidation
rate (Chantachum et al., 2000).

The oils extracted from mackerel heads and skins in this study showed
slightly lower acid value, similar iodine value and higher peroxide value than
mackerel oils extracted by other researchers. Mackerel oils with acid value of 3.6
mg KOH/g, peroxide value of 1 meq O,/kg and iodine value of 145 g 1,/100g
were reported for Atlantic mackerel (Scomber scombrus) by Ke et al. (1975). The
published data for oils from mackerel skins included an acid value of 4 mg
KOH/g, a peroxide value of 3.3 meq O,/kg and an iodine value of 133 g 1,/100g
(Zuta et al., 2003). These differences could be due to the extraction conditions and

the raw material used.
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Physical Enzymatic  Solvent Alkaline Alkaline +
enzymatic

Head

Skin

Figure 6.3 Colour of mackerel head and skin oils as affected by the extraction
procedure.

It was observed that the colour of mackerel oils depended on the extraction
method (Table 6.1 and Figure 6.3). The extraction procedure influenced both the
lightness and redness values of mackerel oils. In general, oils from mackerel skins
had lighter colour compared to oils from mackerel heads. Oils from mackerel
heads extracted by solvent, after the enzymatic hydrolysis and using the combined
alkaline and enzymatic hydrolysis had the highest b* values. These values
reflected the intense brownish colour of these oils. Slightly lower b* values were
observed for oils from mackerel skins extracted by solvent and after enzymatic
hydrolysis. Several conditions lead to the darker colour of fish oils. Some
oxidation products, such as aldehydes, may form Schiff bases with proteins (Crexi

et al., 2009) leading to the darker colour. The heat treatment at the end of the
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hydrolysis process may have contributed to the oils colouration. With elevated
temperatures and due to the high unsaturation, mackerel oils could undergo
isomeration and conjugation of some double bonds which absorb in the blue
region and reflect a more brownish colour (Crexi et al., 2009). The colour of
mackerel oil is very important since it affects greatly its market value and plays a
major role in its acceptability (Shahidi et al., 1998). For commercial applications,

the dark extracted mackerel oils need to be bleached and deodourised.

6.1.3. FTIR analysis of mackerel oils

All mackerel oils showed similar FTIR spectra (Figure 6.4) with
characteristic absorptions bands of aliphatic hydrocarbons assigned at 3000 - 2800
cm ! (stretching), 1460 - 1377 cm™* (bending) and 720 cm™* (rocking) (Le Dréau
et al., 2009). Mackerel oils were mainly composed of triglycerides as confirmed
by the presence of the functional groups of the triglyceride in the FTIR spectra.
The C-H stretching appeared at 2922 cm™ and 2853 cm™ (Yang et al., 2005;
Guillén & Cobo, 1997). The peak at 1744 cm™ corresponded to C=0 stretching
(Ismail et al., 1993; Lerma-Garcia et al., 2010). Peaks around 1151 cm™ and 721
cm™ represented the C-O stretching and C-H rocking, respectively (Ismail et al.,

2006). These peaks were present in all the fish oil samples analysed.
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Figure 6.4 FTIR spectra of mackerel head (A) and skin (B) oils extracted using various procedures.
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The FTIR analysis of organic compounds helps in the elucidation of their
molecular structure (Sherazi et al., 2009). In this study, the FTIR spectra indicated
that the extraction procedure did not affect the characteristic of the oils since the
result did not show any spectral variations or difference among the peak
intensities of mackerel oils. This could be due to the constant molecular feature of

triacylglycerols (Sherazi et al., 2009).

6.1.4. Chromatographic characterisation of mackerel oils

6.1.4.1. Analysis of triglycerides and lipid classes

The lipid profile of the extracted mackerel oils depended on the source and
the extraction procedure. For both head and skin oils, the main components were

neutral lipids (FFA, MAG, DAG and TAG) as shown in Figure 6.5.

FFA, MAG & DAG

f_)%
IS (TAG-C9)

/-

Response

Figure 6.5 Typical gas chromatogram of lipid classes from mackerel oil. IS
(TAG-C9) refers to the internal standard.
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TAG was the major lipid class observed in these oils with amounts higher
than 75 %. Low levels of MAG were found in all oils (0 - 3.6 %). Moderate levels
of FFA and DAG were also observed, however, higher values were obtained for

mackerel head oils compared to skin oils (Table 6.2).

Table 6.2 Lipid classes of mackerel head and skin oils (from GC measurements).

Extraction FFA MAG DAG TAG

Solvent 8.4+0.8° 1.3x0.1° 9.3#1.0° 81.0+1.9°
Enzymatic 7.8+0.1° 0.0+0.1*° 7.4+0.3° 83.9+0.4°

@ Alkaline 2.0£0.4* 0.0+0.1* 1.9+0.0° 96.1+0.4°
% Alkaline + enzymatic | 3.9£0.5" 3.620.4° 1.5+0.4* 92.3+0.9"
Physical 8.6+1.9° 1.2+0.1* 85+0.5° 81.7+2.5°

Folch method 7.74#1.0° 1.1+0.1* 8.9+0.0° 77.8+1.7°
Solvent 5.4+1.2° 0.7+0.1° 5.7+0.7° 88.2+2.0°
Enzymatic 2.7#0.1* 0.4£0.1* 4.1+0.1° 91.6+0.0°

@ Alkaline 3.3#0.7* 0.1#0.1* 2.7+0.3* 93.9+1.0°
5 Alkaline + enzymatic | 3.7+0.1* 0.2+0.0> 4.3+0.0° 91.9+0.1°
Physical 5.4+15° 0.6+0.1° 5.3+0.6" 88.7+2.1°

Folch method 3.1#0.0° 0.5+0.0° 4.5+0.3° 90.5+0.4°

Values given as mean + standard deviation. Different letters in the same column
indicate significant (p < 0.05) differences between treatments.

The level of FFA gives an indication of the oxidation state of the oil. FFA
are very susceptible to oxidation leading to the deterioration of the taste of the oil
(Refsgaard et al., 2000). The present findings were similar to those obtained for

mackerel (Scomber australasicus) by Osako et al. (2006) where the TAG content
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ranged from 69.0 % to 90.4 %, DAG content varied from 0.7 % to 3.6 % and FFA
were in the range of 1.2 % to 10.9 %.
The phospholipids were analysed using HPLC/ELSD and a typical

HPLC/ELSD chromatogram of mackerel oils shown in Figure 6.6.
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Figure 6.6 HPLC/ELSD chromatogram of mackerel oil extracted using the Folch
method.

Mackerel oils did not appear to contain phospholipids as confirmed by the
absence of peaks in the HPLC/ELSD chromatograms. Previous investigations
showed that mackerel phospholipids were concentrated in the fillets with an

amount less than 4 % of the total lipid content (Brix et al., 2009).
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6.1.4.2. Fatty acid composition of mackerel oils

Fatty acid methyl esters derived from mackerel fish oils were analysed by
a gas chromatography system equipped with a flame ionisation detector (GC -

FID). Typical GC - FID chromatograms are presented in Figure 6.7.
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Figure 6.7 Gas chromatograms of fatty acid methyl esters (FAME). A: Supleco 37
standard and B: mackerel oil extracted from head by Folch method. FAMEs were
represented by peaks: 1 - C4:0; 2 - C6:0; 3 - C8:0; 4 - C10:0; 5 - C11:0; 6 - C12:0; 7 -
C13:0 (Internal standard); 8 - C14:0; 9 - C14:1; 10 - C15:0; 11 - C15:1; 12 - C16:0; 13 -
C16:1; 14 - C17:0; 15-C17:1; 16 - C18:0; 17 - C18:1n9t; 18 - C18:1n9c; 19 - C18:2n6t;
20 - C18:2n6c; 21 - C20:0; 22 - C18:3n6; 23 - C20:1; 24 - C18:3n3; 25 - C21:0; 26 -
C20:2; 27 - C22:0; 28 - C20:3n6; 29 - C21:1n9; 30 - C20:3n3; 31 - C20:4n6; 32 - C23:0;
33 - C22:2; 34 - C24:0; 35 - C20:5n3 (EPA); 36 - C24:1; 37 - C22:6n3 (DHA).
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A total of 27 FA were identified from the mackerel oil (Table 6.3). These
included saturated FA (14:0, 15:0, 16:0, and 18:0), monounsaturated FA (16:1,
18:1n-9, 20:1, 21:1n-9 and 24:1) and polyunsaturated FA (18:2n-6, 18:3n-6,
18:3n-3, 20:2, 20:4n-6, 20:3n-6, 20:3n-3, 20:5n-3, and 22:6n-3). Results revealed
that 14:0, 16:0, 18:1n-9, 20:1, 20:5n-3, 20:1n-6 and 22:6n-3 were the major FA
and their contents were in the range of 8.4 to 22.1 % of the total FA. In this study,
saturated fatty acids were present in lower content than monounsaturated and
polyunsaturated fatty acids.

Regardless of the extraction procedure, mackerel head oils had
significantly (p < 0.05) higher DHA content and lower -6 fatty acids than
mackerel skin oils (Table 6.3). This was due to the difference between the
distribution and amount of fat in the tissues. Oil from fish heads are usually rich in
DHA which is mainly due to their presence, with high level, in the brain and eyes
of the fish (Sargent, 2000).

For both heads and skins, the lowest recovery of EPA and DHA were
observed using the solvent extraction (103.4 mg/g and 85.2 mg/g, respectively)
and the highest with alkaline extraction (149.2 mg/g and 106.2 mg/g,
respectively). PUFA contents in mackerel muscle have been reported to vary in
the range of 21.2 - 51.7 % (Zuta et al., 2003; Osako et al., 2006). Several
parameters affect the percentage of PUFA, including EPA and DHA in fish oil.
Differences were associated with the diet, season and reproductive state of the fish
(Arts et al., 2001). However, since all the samples were extracted during the same
period, the differences between the EPA and DHA recoveries can be attributed to

the extraction method and the type of tissues (heads or skins).

234



Chapter 6

Fish oils

Table 6.3 Fatty acid composition (% of total peak area) of mackerel oils extracted from heads and skins using various procedures.

Head oils Skin oils

Physical Alkaline &Q;E?/“n::tic Solvent Enzymatic Physical Alkaline &Q;E?/“n::tic Solvent Enzymatic
C8:0 0.2+0.01 0.2+0.00 0.2+0.02 0.2+0.02 0.2+0.05 0.3+0.03 0.240.01 0.3+0.01 0.3+0.04 0.3+0.03
C12:0 0.1+0.01 0.1+0.01 0.1+0.02 0.1+0.01 0.1+0.04 0.1+0.02 0.1+0.03 0.1+0.01 0.1+0.03 0.1+0.00
C13:0 1.8+0.27 1.8+0.04 1.9+0.13 2+0.14 2+0.44 1.8+0.07 1.6+0.01 1.9+0.19 1.9+0.07 1.9+0.03
C14:0 8.4+0.11 8.4+0.13 8.8+0.07 9.3+0.39 9.9+1.36 9.2+0.05 9.3+0.02 9.4+0.10 10.3+1.33 9.4+0.52
C14:1 0.1+0.00 0+0.07 0.1+0.00 0+0.00 0+0.00 0+0.00 0+0.06 0+0.00 0+0.00 0.1£0.00
C15:0 0.6+0.01 0.6+0.02 0.6+0.01 0.6+0.01 0.740.12 0.6+0.00 0.6+0.01 0.6+0.00 0.7+0.10 0.6+0.02
C16:0 15.9+0.14° 15.3+0.49° 16.1+0.33° 17.4+0.3° 18.5+1.8° 14.5+0.01° 14.3+0.02° 14.6+0.41° 7.240.13° 14.7+0.93°
C16:1 5+0.01 4.9+0.18 4.7+0.12 5+0.03 5.2+0.55 4.4+0.04 4.3+0.08 4.7+0.05 5.1+0.65 4.7+0.29
C17:0 0.4+0.00 0.4+0.03 0.4+0.02 0.4+0.02 0.4+0.07 0.4+0.00 0.5+0.09 0.4+0.02 0.5+0.07 0.4+0.02
C17:1 0.3+0.01 0.3+0.01 0.3+0.02 0.3+0.02 0.3+0.05 0.3+0.01 0.3+0.01 0.3+0.01 0.3+0.07 0.3+0.02
C18:0 2.6+0.03 2.5+0.06 2.5+0.01 2.740.01 2.840.22 2.4+0.06 2.4+0.03 2.5+0.01 2.8+0.38 2.5+0.11
C18:1n9¢c 13.1+0.0° 10.9+0.2° 12+0.14° 12.4+0.0° 13.2+1.0° 9.7+0.03° 9.9+0.08° 10.6+0.2° 11.2+1.0° 10.2+0.80°
C18:2n6¢c 1.9+0.03 2.1+0.15 2.2+0.47 1.9+0.06 2+0.32 2+0.10 2.3+0.13 2.2+0.09 2.4+0.16 2.1+0.02
C20:0 0.2+0.00 0.240.01 0.2+0.00 0.2+0.01 0.2+0.02 0.2+0.01 0.2+0.08 0.2+0.02 0.2+0.03 0.2+0.01
C18:3n6 0.2+0.03 0.2+0.04 0.2+0.01 0.2+0.02 0.2+0.10 0.3+0.03 0.3+0.03 0.3+0.00 0.3+0.04 0.2+0.01
C20:1 9.4+0.08° 10+0.04° 10.2+0.0° 9.8+0.0° 4.8+0.84° 12.3+0.0° 12.7+0.0° 12.7+0.0° 13.8+1.41° 12.3+0.5°
C18:3n3 1.9+0.14 2.5+0.00 2.1+0.01 2+0.10 2.2+0.36 2.1+0.06 2.2+0.09 2.1+0.04 2.3+0.28 2.1+0.16
C20:2 0.5+0.06 0.6+0.03 0.5+0.02 0.5+0.01 0.6+0.09 0.6+0.02 0.5+0.04 0.5+0.05 0.6+0.17 0.6+0.01
C22:0 0+0.00 0+0.00 0+0.00 0+0.00 0.1+0.10 0+0.00 0.1+0.01 0+0.00 0+0.00 0+0.00
C20:3n6 14.9+0.1° 16.7+0.522 16.3+0.17% 14.8+0.45° 15.5+0.27° 21.1+0.05° 21.1+0.00° 20.6+0.68° 22.1+1.48° 19.9+2.47°
C21:1n9 1.2+0.02 1.2+0.03 1.3+0.01 1.2+0.02 1.3+0.07 0+0.00 0+0.00 1.4+0.05 1.5+0.15 1.4+0.16
C20:3n3 0.2+0.24° 0.3+0.10° 0.1+0.13° 0+0.00°% 0.2+0.25° 1.5+0.04° 0.3+0.11° 0.3+0.12 0.4+0.02° 0.4+0.03°
C20:4n6 0.5+0.01 0.5+0.00 0.4+0.01 0.5+0.03 0.4+0.02 0.4+0.00 0.5+0.00 0.5+0.01 0.5+0.04 0+0.00
C22:2 1.2+0.01 1.3+0.06 1.1+0.01 1.1+0.04 1.2+0.08 1+0.00 1.1+0.02 1.1+0.03 1.1+0.15 1.1+0.03
C20:5n3 (EPA) 8+0.01 7.6+0.06 7.4+0.00 7.4+0.02 7.5+0.20 6.5+0.02 6.1+0.11 5.9+0.15 6.6+1.15 6.5+0.36
Cc24:1 1.2+0.03 1.3+0.05 1.3+0.02 1.3+0.07 1.3+0.02 1.4+0.00 1.4+0.01 1.2+0.09 1.3+0.08 1.3+0.18
C22:6n3 (DHA) 11.9+0.08° 11.9+0.55° 10.9+0.13° 10.6+0.30° 11.2+0.41° 8.7+0.04° 8.8+0.09° 7.50.03° 8.4%1.23° 8.5+0.05°
T w6 17.5+0.2 19.6+0.7 19.1+0.7 17.4+0.5 18.1+0.8 23.8+0.2 24.240.2 23.6+0.8 25.3+1.7 22.2+3.1
T w3 22.1+0.5 22.2+0.7 20.5+0.3 20.1+0.4 21.0+1.2 18.8+0.2 17.4+0.4 15.8+0.3 17.6+2.7 17.6+2.5
©-3/0-6 1.3 1.1 1.1 1.2 1.2 0.8 0.7 0.7 0.7 0.8
EPA (mg/g) 48.1+4.6 52.2+3.4 44.2+43.6 38.5+0.1 49.2+0.0 41.0+3.4 39.4+0.99 36.0+4.2 34.1+1.4 35.7+2.6
DHA (mg/g) 84.1+8.7 97.0+1.2 76.8+5.4 64.9+1.8 86.5+0.8 64.5+5.3 66.8+1.1 54.1+5.1 51.1+0.7 55.1+1.3

Values given as mean = standard deviation. Different letters in the same row, indicate significant (p < 0.05) differences between treatments (shown only for
C16:0, C18:1, C20:1, C20:3n6, C20:3n3 and C22:6n3).
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The ratio of ®-3/w-6 FA in mackerel head oils (1.1 - 1.3) was higher than
that of mackerel skin oils (0.7 - 0.8). The difference between the ratios of ®-3/w-6
FA indicated that mackerel head oils have better fatty acid composition than
mackerel skin oils. It was proven that a higher 3/w6 fatty acid ratio in diet plays
an important role in reducing the risk of coronary heart diseases (Kinsella et al.,

1990).

6.2. Antioxidant activity of mackerel oils

The in vitro antioxidant activity of mackerel head and skin oils extracted
by various processes was evaluated using the DPPH assay (Figure 6.8). The
antioxidant activity of fish oil was assayed over a range of dilutions. In general,
the antioxidant activity increased by increasing the oil concentration. QOils from
mackerel heads at 25 and 50 mg/mL as well as oils from mackerel skins at 50
mg/mL showed higher DPPH scavenging capacity. The source and the extraction
procedure significantly (p < 0.05) affected the antioxidant activity of the oils.
Mackerel head oils had higher antioxidant activity than mackerel skin oils. Oils
extracted from mackerel heads with solvent and after the enzymatic hydrolysis

showed the highest scavenging activity against DPPH (Figure 6.8).
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Figure 6.8 DPPH scavenging activity of mackerel head (i) and skin (ii) oils
extracted using various procedures. Different lower case letters, within the same
treatment indicate significant (p < 0.05) differences between the concentrations.
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The EPA and DHA do not seem to be responsible for the antioxidant
activity of these oils since the solvent extracted oils had the lowest EPA and DHA
content (38.5 % and 64.9 %, respectively), but showed higher antioxidant activity
than oils extracted from mackerel heads and skins using the alkaline treatment, the
heat process and the combined alkaline and hydrolysis method. The HPLC/ELSD
chromatograms of these two bioactive oils (from mackerel heads extracted by

solvent and by enzymatic hydrolysis), showed the presence of unknown peaks

(Figure 6.9).
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Figure 6.9 HPLC/ELSD chromatograms of mackerel head oils. (A) solvent
extracted oil and (B) oil extracted after enzymatic hydrolysis.
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These peaks correspond to low molecular compounds with high polarity
since they were eluted at the end of the chromatograms. The DPPH scavenging
activity of mackerel oils could be due to these compounds.

The polar and non polar fractions in mackerel head oils extracted after the
enzymatic hydrolysis were separated by adsorption chromatography on Silica gel
and visualised on TLC plates (Figure 6.10). It was noticed that the polar fraction

(Figure 6.10, lane 3) contained coloured compounds.

—— Non polar compounds

S

> Polar compounds

Figure 6.10 Separation of oil fraction by thin layer chromatography (TLC). 1:
total fish oil sample; 2: non polar fraction and 3: polar fraction.
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The two fractions along with the non-fractionated oil were analysed for
their antioxidant activity. Results showed that the polar fractions exhibited higher

DPPH scavenging capacity than the neutral fraction as seen in Figure 6.11.

Figure 6.11 DPPH scavenging activity of fractionated mackerel head oil extracted
after hydrolysis with Alcalase. Different letters indicate significant (p < 0.05)
differences.

100+

% DPPH

Non polar

The higher antioxidant activity associated with the coloured fraction (polar
fraction) could be due to the presence of pigments. The polyene structure of
carotenoids can provide a chromophoric system responsible for the colouration of
oil (Silva et al., 2010). Previous studies showed that astaxanthin, a potent
antioxidant carotenoid, was present in mackerel at levels of 6 - 11 mg/kg
(Torrissen et al., 1989). So far, the solvent and the enzymatic extractions were the
main procedures to recover carotenes (Nollet, 2000). However, the alkaline
conditions for the enzymatic hydrolysis may have converted astaxanthin to
astacene (Goodwin, 1980) leading to the presence of more peaks in the HPLC-
ELSD chromatogram. Hence, one can suggest that the radical scavenging
activities of mackerel head oils could be the result of the presence of pigments

(carotenoids).
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6.3. Conclusions

Mackerel head and skin oils were mainly composed of TAG. The analysis
of lipid classes showed that these oils did not contain the polar phospholipids. The
chromatographic analysis revealed that mackerel oils had high levels of
polyunsaturated long chain fatty acids. EPA and DHA were the main omega-3
fatty acid present with amounts in the range of 34 to 49 mg/g for EPA and 51 to
97 mg/g for DHA.

The oil recovered from the alkaline extraction had better physicochemical
and visual qualities (low acidity, lower oxidation state and lighter colour) than oils
extracted with the other procedures. However, the low extraction yield makes this
process inefficient for industrial reasons. The enzymatic hydrolysis of mackerel
heads liberated high amounts of oil with strong antioxidant activity and well
balanced fatty acid composition. The antioxidant activity of these oils may be due

to carotenoids that were recovered during the hydrolysis process.
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Chapter 7 General conslusions

e The processing of mackerel and blue whiting generated significant amount
of waste (greater than 50 %). This waste consisted of heads, skins, bones
and viscera and contained a high content of valuable compounds (proteins

and fish oils).

e Although blue whiting waste contained high level of proteins, the low

quality of these fish made them unsuitable for use.

e Mackerel waste is a potential source of gelatines, oils and protein

hydrolysates.

e The best gelatines in terms of textural, rheological and functional

properties were extracted from mackerel skin.

e The use of acetic acid in the pre-treatment of fish waste was recommended
in order to obtain gelatines with higher functional properties. However,
gelatines extracted after pre-treatment with this acid had lower visual

quality (darker colour).

e The hydrolysis of mackerel skin gelatine with pepsin, for 24 h, resulted in
hydrolysates with antioxidant, antihypertensive, anti-inflammatory and

antithrombotic activities.

e Hydrolysates from mackerel viscera prepared with Flavourzyme, for 24 h,
inhibited ACE and SSAO enzymes and showed antimicrobial and

antioxidant activities.
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e Chemical, physical and enzymatic methods were developed for extracting
oils from mackerel waste. The enzymatic hydrolysis was found to recover

higher amounts of oil with potent antioxidant activity.

An optimised protocol for recovering bioactive compounds from mackerel

waste is presented in Figure 7.1.

Heads Viscera Skins
l Hydrolysis l Hydrolysis l Pre-treatment
Time: 2 h, Time: 24 h,
Enzyme: Alcalase, Enzyme: Flavourzyme, 0.1 MNaOH,
E/S ratio: 0.1 % (v/w), E/S ratio: 0.1 % (v/w), 0.05 M Citric acid.
pH: 8 & T =50 °C. pH: 8 & T =50 °C.
. . . Gelatine
Bioactive oil
l Hydrolysis
Bioactive viscera

hydrolysates Time: 24 h,

Enzyme: Pepsin,
E/S ratio: 1 % (w/w),
pH: 2 & T =37 °C.

A

Bioactive gelatine
hydrolysates

Figure 7.1 An optimised protocol for extracting bioactive compounds from
mackerel waste.
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Flavourzyme, T: trypsin, C: chymotrypsin, TRAP: Thrombin receptor activating peptide. Aspirin (ASA) and Indomethacine (Indo)

Appendix I. The platelet aggregation inhibitory activity of mackerel viscera hydrolysates. Ctr: control (water), A: autolysis, F:
were used as positive controls (inhibitors).
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